on plant species belonging to a single genus or family (Forister et al. 2014) . In spite of the 66 widespread specialization, transitions from specialist to generalist habits have occurred 67 repeatedly during the evolution of herbivorous insect clades (e.g., Funk survival, growth and reproduction of herbivorous insects (i.e., the fundamental feeding 80 niche, Whittaker et al. 1973; Leibold 1995) . Thus, the evolutionary dynamics of fundamental 81 feeding niches are elusive and it even remains unknown whether the breadths of the 82 fundamental and realized feeding niches generally change in parallel. 83 84 We hypothesized that the ability to use different plant species as hosts and consequently the 85 breadth of the fundamental feeding niche is influenced by the evolutionary history of an insect 86 lineage (see also Futuyma & McCafferty 1990) . Specifically, if insect lineages can retain the 87 ability to use their ancestral hosts as a food source after having shifted to a novel host, host 88
shifts are expected to generate fundamental niche expansions (i.e., the lineage would become 89 more generalist). By contrast, if insect lineages do not retain the ability to use their ancestral 90 hosts, fundamental feeding niches will be independent of the evolutionary history of host plant 91 use. More generally, colonization of novel host plants would be facilitated if insect lineages 92 retained plasticity in host use present in their ancestors. 93 94 We used Timema, a small genus of herbivorous stick insects from western North America 95 (Vickery 1993) to study the evolutionary dynamics of fundamental and realized feeding niches. 96 Different Timema species have colonized plants from phylogenetically distant families, ranging 97 from one to eight families of host plants per Timema species (Table 1 ). In terms of realized 98 feeding niche, the Timema genus thus comprises a range of specialist to generalist species, and 99 a tendency towards increased ecological specialization over evolutionary time was reported in 100 a previous study (Crespi & Sandoval 2000) . The genus originated about 30 million years ago 101 (Riesch et al. 2017) , in conjunction with the origin and spread of the chaparral biome to which 102 most species are adapted (Sandoval et al. 1998; Crespi & Sandoval 2000) . Ancestral Timema 103 populations were most likely associated with angiosperms characterizing the chaparral biome, 104 specifically the genera Ceanothus (lilac) and Adenostoma (chamise) (Sandoval et al. 1998; 105 Crespi & Sandoval 2000) . Nonetheless, transitions from angiosperm to conifer hosts have 106 occurred multiple times in the genus. Ten of the 23 known Timema species regularly use 107 conifers from one or multiple families as hosts (Table 1) . At least two conifer species (redwood, 108
Sequoia sempervirens and white fir, Abies concolor) represent recent host shifts, as both 109 redwood and white fir are hosts for monophyletic groups of closely related Timema species 110
Taking advantage of this variability in host plant use in Timema, we tested whether i) insect 113 performance on host plants is constrained by plant phylogeny and plant chemical defenses, ii) 114 the fundamental feeding niche breadth changes following a shift to a novel host, iii) insects 115 retain the ability to use ancestral host plants following host shifts, and iv) fundamental and 116 realized feeding niche sizes are correlated. 117 118 To characterize the realized feeding niches of the 23 known Timema species, we first generated 119 a complete list of host plants for each species, using information from previous studies and field 120 surveys. We then estimated the breadth of the fundamental feeding niche for nine of the 23 121 Timema species. To this end, we measured juvenile insect performance on seven 122 phylogenetically diverse plants from the Timema host plant species pool (Table 1) . This 123 sampling strategy allowed us to study the evolutionary dynamics of specialization at the 124 realized and fundamental niche levels. Finally, in order to explore potential mechanisms 125 generating variable performances of insects on different plant species, we analyzed phenolic 126 and terpenic secondary metabolites, which are toxins and/or feeding deterrents for many 127 personal observations (Table 1) . We distinguished between plants for which we found evidence 137 that Timema feed on them (hereafter "typical host plants"), and plants for which it was unclear 138 whether they are used as a food source, or solely for resting (hereafter "putative host plants"; 139 see Table. 1). In addition, we characterized the realized feeding niche at the population level 140 for a subset of 22 populations from 9 species (between 1 and 6 populations per species; Table  141 S1). To this end, we only chose locations where a minimum of 3 plants from the Timema host 142 plants pool (Table. 1) were present. We then surveyed all these plants to determine the relative 143 frequency of stick insects on each plant. (Table S1) . 144
145

Fundamental feeding niches 146
To measure insect performance on different hosts and their fundamental feeding niche breadths, 147
we chose seven plants known to be commonly used by several Timema species, while trying to 148 cover the phylogenetic diversity of all potential host plants ( Fig. 1 ; Table 1 ). Stick insects for 149 our experiments were collected from twelve populations belonging to nine Timema species 150 throughout California (Table S1 ) using sweep nets. We only used fourth-instar juvenile females 151 in order to minimize age-related effects, and to avoid the spurious effects of high mortality 152
when manipulating younger instars. Between 10 and 80 females per host plant were used to 153 measure survival and weight gain over 10 days, for a total of 70-220 females per population 154 (1330 insects in total; see Fig. S1 for details on the experimental set-up). The large variation in 155 numbers of insects per population was generated by the natural variation in the availability of 156 forth instar females in different populations, as well as by the high mortality on certain plants 157 that prevented us from obtaining weight gain estimates for all Timema populations. Whenever 158 possible, we used more females for combinations generating high mortality. 159 160
Evaluation of phylogenetic constraints regarding host use 161
We first tested whether closely related Timema species had similar performances (survival and 162 
Estimations of the degree of specialization 176
To quantify the breadth of Timema feeding niches, we calculated the Tau specialization index 177 Where n corresponds to the number of plants, xi represents the frequency of occurrence (for the 180 realized niche) or the weight gain (for the fundamental niche) on plant i, and max (xi) is the 181 maximum occurrence or weight gain for the focal population. The index ranges from 0 182 (generalist) to 1 (pure specialist). We chose this measure to estimate the degree of specialization 183 because of its robustness to small sample sizes and because our data were quantitative and 184 continuous (Kryuchkova-Mostacci & Robinson-rechavi 2016). However, this index needs 185 positive values to be calculated. We therefore transformed percentages of weight gain, which 186 are negative when individuals lose weight, to relative weights of insects at the end of the feeding 187 trials (i.e., an insect that lost 30% of its weight during the trial would be assigned the value 0.7, 188 while one that gained 30% would be assigned 1.3). To test whether broad fundamental feeding 189 niches translate into broad realized niches at the species or population level, we correlated the We extracted and quantified compounds in the phenolic and terpene classes of secondary 200 metabolites from leaves of the seven plant species included in our experiments (see Table 1 ), 201 using methods adapted from Pratt et al. (2014) and Moreira et al. (2015) . For each plant species, 202 we extracted compounds from five independent replicates for both phenols and terpenes (see 203 detailed methods for plant chemical analyses in Appendix S1). 2007). We then tested for a correlation between the plant species phylogenetic distances and 212 the chemical distances across the seven species tested using Mantel-tests with 10'000 213
permutations. 214 215
Finally, for the subset of chemical compounds that are present in multiple plants, we evaluated 216 whether insect performances were negatively (or positively) correlated with the amount of a 217
given compound. We conducted Spearman correlation tests (separately for each Timema 218 population) between insect weight gain and each of the chemical compounds. These tests 219 provided us for each Timema species with a list of chemical compounds significantly correlated 220 to insect performance. We then tested whether these lists were more similar between different 221 
Insect performances on different plants 230
The performance (survival and weight gain during 10 days) of Timema individuals was strongly 231 dependent on the plant species tested. For ten of the twelve Timema populations, both survival 232 and weight gain varied significantly among individuals reared on different plant species, while 233 for the two remaining populations, only weight gain varied significantly (Table S2 , Fig. S2 ). 234
Insect survival and weight gain were also significantly correlated (Spearman rank correlation, 235 r= 0.66, p < 0.0001), even though the most extreme situation (i.e., when all Timema of a given 236 population died on a specific host plant before 10 days) could not be included in the analysis. 237
238
Generally, we found that insect performance was not maximal on the host plant they were 239 collected on (henceforth referred to as the native host plant) (Table S2 , Fig. S2 ). Indeed, for 240 only five out of the 12 populations, individuals survived best on their native host plant, while 241 for only six out of 12 populations they gained the most weight. In some cases, the performance 242 of insects increased dramatically when individuals were reared on plant species they never use 243 as host in the field. For example, 100% of T. bartmani survived for 10 days on lilac, while only 244 35.4% of them survived on their native host plant, white fir (Table S2) . 245
246
We also observed that some host plant species are a consistently better food source than others. 247
For instance, lilac was almost always the best food source, even for Timema species that never 248 use lilac in natural conditions. Specifically, relative survival on lilac was high for all populations 249 (between 76.9% and 100%, Table S2 ), and individuals from nine of the twelve Timema 250 populations gained more weight when reared on lilac than when reared on any other plant 251 species (Fig. S2 ). Lilac is the native host for only three of these nine populations (T. cristinae-252 lil, T. knulli-lil and T. petita), the six remaining ones were collected on manzanita (T. Redwood was on the opposite end of the host plant quality spectrum, as it was only exploitable 259
by Timema individuals originally collected on it. Relative survival on redwood for individuals 260 from the two native redwood populations was high (75.0 and 86.7% for T. poppensis and T. 261 knulli-rdw respectively; Table S2 ), while survival was low for all other Timema populations 262 (ranging from 0% to 55.6%; Table S2 ). Similarly, T. poppensis and T. knulli-rdw were the only 263 species that gained significant weight when fed with redwood for ten days (mean weight gain 264 was 45.3% and 67.7% for the two species, respectively; Fig. S2 ). For the ten other populations, 265
if individuals are able to survive for ten days on redwood, they typically lost weight (80% of 266 surviving individuals) or only gained very little (20% of surviving individuals gained weight, 267 with a maximum gain of 9.9%; Fig. S2 ). For the T. bartmani, T. boharti, T. podura, and T. 268 cristinae-cha populations, not a single individual survived for ten days on redwood. 269
270
We observed the same pattern for T. knulli, the only Timema species using both redwood and 271 lilac under natural conditions (Table 1) . All individuals collected on redwood were able to live 272 and grow on all tested plants (Table S2, considering only the typical plant genera (PGLS; r= -0.17, p= 0.75)). The lack of correlation is 281 unlikely caused by a lack of power as the general pattern is suggestive of a negative correlation 282 between realized and fundamental niches rather than the expected positive correlation (Fig. 2) . 283
At the population level, we also found no correlation between Tau indices estimating the 284 fundamental feeding niche and Tau indices estimating the realized niche (Pearson correlation 285 test, r=0.02, p=0.91). 286
287
The fundamental specialization indices showed that the two Timema species from redwood 288 were the most generalist (Fig. 3A) . The T. knulli population collected on redwood was also 289 significantly more generalist (Tau = 0.23, 95% CI 0.19-0.30) than the population of the same 290 species collected on lilac (Tau = 0.44, 95% CI 0.34-0.50). Hence, Timema native to redwood 291 had a broader potential feeding niche than populations living on other host plants. In order to 292 verify that this tendency was not only generated by the performance of the insects on redwood, 293 we recalculated the Tau indices across six plants, excluding data from redwood. T. poppensis. 294
T. knulli-rdw remained the most generalist species when the Tau indices were calculated 295 without data from redwood (Fig. S5 ), and the Tau indices with and without redwood were 296 strongly correlated (Pearson correlation; r: 0.96, p < 0.0001), indicating that the pattern was not 297 solely driven by redwood. 298
299
These results suggest that the fundamental feeding niches of T. poppensis and T. knulli-rdw 300 have expanded as a result of adaptation to redwood. To corroborate these findings, we reared 301 individuals from three Timema species (T. poppensis, T. californicum-oak and T. podura) on 302 plants not used as hosts by natural Timema populations (Rhus ovata (sugar sumac), Baccharis 303 pilularis (coyote bush) and Artemisia californica (sage bush)). Again, T. poppensis native to 304 redwood performed better on these novel host plants than the two other insect species (Fig. 3B) . 305 306
Effect of plant chemical composition on Timema performances 307
To explore potential mechanisms generating variation in food quality among host plants, we 308 studied the phenolic and terpenic secondary metabolites. We found a total of 521 different 309 chemical compounds (28 phenols and 493 terpenes) across the seven plant species tested, with 310 84% of the variance explained by differences between species (PERMANOVA: F6,28 = 24.5, p 311 < 0.001). In addition to chemical diversity, we also found that the total volume of compounds 312 varied widely among plant species (volume measured as μg Gallic Acid Equivalent /g Dry 313
Matter; average: 564μg/g; range 298 -1192), with a smaller volume in angiosperms (average: 314 310μg/g; range 298 -331) than conifers (average: 902 μg/g; range 650 -1192; Welch Two 315 Sample t-test; t2 = -3.75; p= 0.063). 316
317
The PCA differentiated four plant groups, containing: 1) lilac, 2) oak, chamise, and manzanita, 318
3) redwood and douglas fir, and 4) white fir (Fig. S6 ). Distances between terpenic compositions 319 of plants were correlated with the between plant phylogenetic distances (Mantel-test with 320 10.000 permutations, r = 0.77, p= 0.014), while there was no significant correlation for the 321 phenolic compositions (Mantel-test with 10.000 permutations, r = -0.04, p= 0.47). 322
323
Most of the isolated terpenic and phenolic compounds were specific to a single plant or a subset 324 of plants (Fig. S7) . Specifically, 45.9% of the 521 compounds were detected only in a single 325 plant, and only 1.5% of the compounds occurred in all seven plant species (Fig. S7 ). To test 326 whether the performances of multiple Timema species were related to similar plant chemistries, 327
we used the 162 compounds (31%) that occurred in at least three plant species. Among these, 328 84 (65 after FDR = 0.05 correction) were significantly correlated to insect weight gain in at 329 least one Timema population. No single compound was found to be significantly correlated with 330 the performance of Timema individuals collected from both angiosperms and conifers (Fig. 4) . 331
By contrast, 26 compounds (30.5%) were significantly correlated to the weight gain of insects 332 from six of the nine populations living on angiosperms. One additional compound was further 333 correlated to the weight gain of individuals of both populations collected from redwood (T. 334 poppensis and T. knulli-rdw; Fig. 4 ). As phenols and terpenes are known to play an important 335 role in plant defense against herbivorous insects, these compounds were expected to negatively 336 affect insect performances. However, 59.2% of the compounds showed a positive effect (r 337 varying between 0.77 and 0.99; Fig. 4 ), suggesting that some phenolic and terpenic compounds 338 may favor rather than constrain Timema performance. The number of compounds significantly 339 correlated to insect performance and shared among several populations significantly exceeded 340 the amount of sharing expected by chance (Hypergeometric tests, p varying between 1e-06 and 341 1e-18). 342 343 344
Discussion 345
By studying the evolutionary dynamics of realized and fundamental feeding niches of multiple 346 insect herbivores species in a phylogenetic framework, we developed novel insights into the 347 mechanisms underlying feeding niche contractions and expansions. We analyzed the 348 fundamental and realized feeding niches of Timema stick insects, which comprise a range of 349 ecologically specialist to generalist species. We showed that insects expanded their 350 fundamental feeding niches after shifting to new hosts. These fundamental niche size 351 expansions occurred via two mechanisms. First, the species that shifted to novel hosts retained 352 the ability to use plant groups used by their ancestors, even though the latest host shifts in 353
Timema occurred 3-12 million years ago (Fig. 1) . Second, adaptation to particularly toxic hosts 354 was typically not maximized on their native host plant, as previously shown in feeding 372 experiments with chamise and lilac for insect populations adapted to these two plants (e.g., 373
Sandoval & Nosil 2005; Nosil 2007). We also found that Timema living on conifer hosts 374 featured the broadest fundamental feeding niches of the genus, yet also the smallest realized 375 one. In combination with the complete lack of correlation between fundamental and realized 376 feeding niches in Timema, and the lack of phylogenetic constraint on fundamental niche size, 377 these results suggest that plant secondary chemistry has little impact on insect host plant 378 specialization. Accordingly, our analyses also revealed only minor effects of phenolic and 379 terpenic compounds on insect performance. 380
381
Although we did not investigate the mechanisms driving host specialization in Timema, 382 previous work in one species (T. cristinae) has shown that predation and plant preference 383 Timema on redwood may thus survive fires while they would perish on more profitable hosts 406 such as lilac or chamise. Using redwood may thus be overall beneficial even if it represents a 407 non-optimal food source. 408
409
Our results suggest that the specific ability to use redwood is a key feeding innovation that 410 allowed for range expansions in species that shifted to this host. Our feeding experiments 411
showed that redwood is toxic to all Timema populations except for the native ones, while 412 populations collected on redwood were able to survive and grow on all other tested host plants. 413
Only three Timema species are known to use redwood in nature: T. poppensis and T. knulli 414 (used in the present study), and T. douglasi, an asexual species very closely related to T. 415 poppensis (Table 1) . According to the most recent Timema phylogeny (Riesch et al. 2017 ), the 416 last common ancestor of these three species occurred approximately 6.8 million years ago (Fig.  417   1) , suggesting that the colonization of redwood happened around that time. The Timema genus 418 appears to have originated in Southern California or Northern Mexico and expanded northward 419 (Sandoval et al. 1998; Law & Crespi 2002) , with several range expansion events for the species 420 currently occurring at the northern end of the distribution such as T. poppensis and T. douglasi 421 (the exact distribution of T. knulli is not known). Therefore, the incorporation of redwood in 422 their diet was very likely of paramount importance for these herbivores to be able to expand In conclusion, our study provides new insights into the consequences of host shifts for the 428 breadth of the fundamental feeding niche. These consequences are highly relevant as they 429 influence the probability for additional host shifts and potential host-associated diversification. 430
Specifically, we showed that the ability to use ancestral hosts is maintained following major 431 host shifts for at least 10 million years (as when moving from angiosperms to conifers), and 432 that adaptations to chemically challenging hosts are not necessarily associated with decreased 433 performance on alternative hosts. To the contrary, we here showed that adaptations to 434 chemically challenging hosts allowed insects to metabolize a broad range of phylogenetically 435 unrelated plants, including plants that have never been used as hosts in natural populations. 436
More generally, the joint analysis of fundamental and realized feeding niches in multiple related 437 insect species provides unique insights into the mechanisms driving the evolutionary dynamics 438 of host range expansions and contractions in herbivorous insects. 439 440 Acknowledgments 441
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FNS to TS and a fieldwork grant from the Swiss Zoological Society to CL. 446 Table 1 . Timema species and their recorded host plants in the wild. Plants labeled with an "X" correspond to a common host for a given Timema species, where experimental evidence confirms that the plant is used as a food source. Plants labeled with "." correspond to rare/anecdotal observations where it is unclear whether these plants are used as a food source (or solely for resting). Columns highlighted in gray indicate the Timema species used in the present study, sampling locations are specified in Table S1 . Plants used for feeding experiments are written in bold. The plants on which the corresponding Timema populations were collected for this study are encircled. Note two of the Timema species are undescribed: Timema 'Limberpine', mentioned first by Sandoval & Crespi (2008) , and Timema 'Cuesta ridge' from Riesch et al. (2017) . The phylogenetic distances between the plant genera are estimated with information from the public database TIMETREE (http://timetree.org/; Hedges et al. 2015; Kumar et al. 2017) . 111 Figure S1 . Illustration of the experimental system used to perform the feeding experiment. 112
To measure the performance of insects on different plants, the collected juveniles were 113 transferred to 50mL Falcon tubes containing a branch, with the broken end immersed in a water 114
reservoir. Prior to the transfer, individual insects were weighed with an analytical balance (Kern 115
ABT 120-5DM). During the ten days of the experiment, all tubes were observed daily to verify 116 the survival of individuals and individuals that survived were weighted again at the end of the 117 experiment. 118 119 Figure S2 . Percentages of weight gain for individuals fed with different plants for ten days. 120
Each panel corresponds to a different Timema population, rectangles indicate native hosts. For 121 each population, the amount of weight gained by individuals that survived during ten days on 122 the different plants was compared using one-way ANOVAs. The asterisks indicate the plants 123
on which the performance is significantly different from their performance on the native host 124 (planned comparisons; * significant at p<0.05). For some plant by Timema population 125
combinations, there are no weight gain data (NA) because all individuals died before the end 126 of the experiment. For plant name abbreviations, see Table 1 in the main text. 
